The crystal structures of tris(η 5 -cyclopentadienyl)lanthanides (Ln ) Ce, Dy, Ho) have been determined using different X-ray diffraction methods. Cp 3 Ce and Cp 3 Ho (Cp ) cyclopentadienyl) crystal data needed special solution and refinement methods, due to the occurrence of intrinsic twinning in these species. Our results do not agree with the previously published cell constants of Cp 3 Ho. The space group and unit cell parameters of Cp 3 Dy have been derived from powder diffraction experiments. High-resolution 13 C solid-state NMR data of Cp 3 La are presented, giving evidence of the dynamics and bonding situation of the Cp ligands. Cp 3 Ce turned out to be a reactive reagent for the synthesis of bis(η 5 -cyclopentadienyl)-[bis(trimethylsilyl)amido]cerium(III).
Introduction
Homoleptic metal complexes represent convenient starting compounds for a wide range of synthetic approaches. 1,2 Their crystal structure data are important references regarding bond distances and angles, physical properties, and chemical behavior for all kinds of heteroleptic successors. 1-3 Synthesis and crystal structure solutions of base free homoleptic Cp complexes (Cp ) cyclopentadienyl) are still a matter of recent research. [4] [5] [6] [7] [8] Cp 3 Ln species (Ln ) La-Lu) are essential starting compounds in organometallic rare-earth chemistry 1-3,9-11 and have been known since the earliest days in lanthanide chemistry. [11] [12] [13] It is remarkable that only 8 of the 15 possible Cp 3 Ln (Ln ) La-Lu) crystal structures have been reported as yet. 3 Furthermore, no solid-state NMR studies concerning the ring dynamics are known.
Single crystals suitable for X-ray diffraction experiments are often very difficult to obtain, due to the fast crystallization of these homoleptic ionic complexes and the motion of the Cp ligands. We observed intrinsic twinning of Cp 3 Ce, Cp 3 Dy, and Cp 3 Ho crystals. X-ray diffraction techniques at different temperatures have been elaborated to finally succeed in the first crystal structure determination of Cp 3 Ho and Cp 3 Ce and the determination of the cell parameters of crystalline Cp 3 Dy. Highresolution NMR of Cp 3 La has been carried out and turned out to be a powerful technique with respect to dynamics and the bonding situation of the controversially discussed solid-state structure of Cp 3 La, 14,15 which is a model compound for the whole Cp 3 Ln series.
Furthermore, we report the synthesis of bis(η 5 -cyclopentadienyl)[bis(trimethylsilyl)amido]cerium(III) by the reaction of Cp 3 Ce and [Ce{NSi(Me 3 ) 2 } 3 ]. The reaction product shows a remarkable reactivity and represents a suitable reagent for further investigations in solid-state chemistry.
Results and Discussion
Diffraction Studies of Cp 3 Ln (Ln ) Ce, Dy, Ho). The solidstate structures of Cp 3 Ln are reported to vary significantly along the Ln series. Table 1 shows the cell parameters of structure determinations reported in the literature. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] It is remarkable that obtaining suitable single crystals of Cp 3 -Ln complexes in the central part of the Ln period has been a problem. No single-crystal structure determinations of these compounds have been published as yet. Cp 3 Sm-Cp 3 Gd were analyzed by Laubereau et al. 24 using single-crystal and powder diffraction measurements to determine the space group. The * To whom correspondence should be addressed. complexes were all suggested to crystallize in an orthorhombic primitive lattice with the space group Pbcm. The crystal structures were found to be isotypic with a single-crystal determination of Cp 3 Sm. 25 Haug 22 reported powder diffraction studies of Cp 3 Ho and suggested the same space group as already determined for the compounds mentioned by Laubereau et al. 24 Cp 3 Ho. Our diffraction experiments did not confirm the crystal structure reported by Haug. 22 Single-crystal measurements at room temperature as well as at 130 K resulted in different cell parameters for the room-temperature and the lowtemperature studies. Orthorhombic symmetry was observed at the low-temperature measurement with a ) 843.0(2) pm, b ) 970.4(2) pm, c ) 1408.5(3) pm, and V ) 1152(1) 10 6 pm 3 . The b axis was half as long as reported by Haug. 22 During the refinement procedure the heavy-atom positions became stable whereas the carbon positions remained heavily unstable. Pseudo merohedral twinning was detected after a further, more detailed analysis of the reciprocal space. 26 The structure was then solved and could easily be refined in the monoclinic space group P2 1 /c. Table 2, Table 3 , and Figure 1 show the crystallographic data, bond lengths and angles, and the molecular structure of Cp 3 Ho, respectively. Two molecular units are situated in the asymmetric unit of the unit cell. Three Cp rings are η 5 bonded to the central atom and do not form a trigonal-planar environment. The metal ion is slightly shifted, and the three centroids (Ctr) of the Cp ligands are the edges of a very flat trigonal pyramid formed by the metal atom and the ligands (Figure 1) .
The reason for this arrangement is an additional η 1 coordination of a carbon atom of a neighboring Cp 3 Ho molecule. η 1 -C-Ho distances of 300 and 301.6 pm are observed. Due to the second interaction of the Cp2 and Cp6 ligands longer intramolecular distances of these ligands to the metal atom were observed (248.2, 245.9 pm). Therefore, a formal coordination number of CN ) 10 was observed for the Ho III ion. Figure 2 shows the unit cell of the structure (along cell axis a) and the intermolecular contacts of C21 and C63 with the metal center (dashed lines). A chainlike structure is formed along cell axis c.
The cell parameters for Cp 3 Ho given in the literature are not in accordance with the results obtained by our X-ray diffraction measurements (Table 2) . Lattice constants of an orthorhombic unit cell were determined (Table 1) . Different crystallization techniques have been undertaken, changing the sublimation temperature and pressure (10 -1 -10 -3 mbar, 170-250°C) in order to crystallize a certain amount of crystalline material with the cell parameters given in the literature. Single crystals were also measured at room temperature in order to exclude the possibility of a phase transition at low temperatures. Furthermore, X-ray powder diffraction (XRD) experiments were carried out at room temperature and low temperature. Phase transition was observed on cooling the crystalline material to 130 K; however, neither single-crystal nor powder diffraction measurements could confirm the cell parameters given in the literature (Table 1) . Cell parameters similar to those of Cp 3 Ce (vide infra) were observed after both the refinement of the single-crystal data at room temperature and indexing of the powder patterns. A monoclinic primitive crystal system with a ) 1492.7(1) pm, b ) 964.0(1) pm, c ) 1629.8(1) pm, ) 93.47(1)°, and V ) 2340.8(1) 10 6 pm 3 was determined. Reticular pseudo-merohedral twinning was detected for single crystals measured at room temperature. The separation of the twin domains and refinement of the structure were successfully carried out in space group P2 1 /c. Figure 3 shows the similarity of the powder patterns obtained by our measurements and the results reported by Haug. 22 With a low 2θ resolution the most important structuredetermining reflections (-102), (102) and (210), (-112) probably would not have been recognized and an orthorhombic cell would have been derived. In that case the ((102) reflections (corresponding to (120) in Pbcm) would have shown the same 2θ position and the (210) reflection (corresponding to (201) in Pbcm) would have been systematically absent.
DyCp 3 . Crystalline material was isolated by sublimation, and X-ray diffraction experiments showed even more complex diffraction patterns. The X-ray data collections of both powder and single-crystal material apparently gave strong evidence for an orthorhombic face-centered crystal system. None of them showed satisfying stability during the refinement process. Singlecrystal measurements revealed intrinsic reticular pseudo-merohedral twinning, and additional disorder was detected. Incommensurate behavior is probable along cell axis c. Powder and single-crystal diffraction studies resulted in cell parameters of a monoclinic primitive crystal system with a ) 1642.0(3) pm, b ) 965.0(2) pm, c ) 1494.3(3) pm, ) 93.94(2)°, and V ) 2362.2(2) 10 6 pm 3 . Systematically absent reflections were indicating the space group P2 1 /c.
These cell dimensions show similarity with the Cp 3 Ho lattice constants (vide supra). In Figure 4 the most relevant 2θ ranges of experimental data for Cp 3 Gd, Cp 3 Dy, and Cp 3 Ho are depicted. Whereas the ((102) and (210, -112) reflections are clearly separated in Cp 3 Ho, the existence of two different reflections in Cp 3 Dy can only be guessed by the broadened profiles in the pattern. In contrast to Cp 3 Dy, the Cp 3 Gd diagram shows more homogeneous reflection profiles and the orthorhombic cell parameters in the literature fit well with the experimental data.
Cp 3 Ce. Cp 3 Ce is the first homoleptic lanthanide metallocene in the series. It can be considered as the most reactive tris- (cyclopentadienyl)lanthanide. 1,2 This strong Lewis acid reacts instantaneously with all kinds of electron-donating reagents. Due to this sensitivity Cp 3 Ce would be appropriate for a variety of interesting and applicative reactions. On the other side this ability causes difficulties in crystallizing and isolating suitable crystals for X-ray diffraction experiments.
We did succeed in measuring data of a variety of crystals obtained by different sublimation conditions. None of these could be identified as real "single" crystals. Intrinsic reticular pseudo-merohedral multiple twinning was observed. 26 The best crystal isolated was used, and three data sets were extracted from the diffraction data. Cp 3 Ce showed similar pseudoorthorhombic symmetry as observed for Cp 3 Ho and Cp 3 Dy (vide supra), but X-ray powder diffraction experiments (XRD) confirmed a monoclinic cell setting. The reflections were isolated, unifying all of the overlapping reflections of the three domains to one reflection set of the most appropriate individual. Subsequent determination of the twin law and refinement of the data resulted in a satisfying crystal structure refinement, taking into account the problems encountered during the isolation and weighting of the overlapping reflections in the reciprocal space. Table 4, Table 5 , and Figure 5 show the crystallographic data, bond lengths and angles, and the molecular structure of Cp 3 Ce, respectively.
The structure of Cp 3 Ce is very similar to that of Cp 3 Ho described above. Two molecular units are situated in the asymmetric unit of the unit cell. Three Cp rings are η 5 bonded at the central atom, and the metal ion is slightly shifted from the theoretical center of gravity built by the three centroids (Ctr) of the Cp ligands. Additional intermolecular η 1 coordination of one carbon atom of a neighboring Cp 3 Ce molecule is present as well. η 1 -C-Ce distances of 295.5 and 296.2 pm have been measured, and a coordination number of CN ) 10 is given for the Ce III ion as well.
In this context the discrepancy between two structural studies of Cp 3 La should be mentioned. According to Eggers et al. 14 an additional intermolecular η 2 contact to the central atom does occur (d Ln-C ) 303.4 pm), whereas Rebizant et al. 15 presumes only one additional η 1 contact due to the large second Ln-C distance (d Ln-C ) 332.9 pm). In Cp 3 Ce the second nearest carbon atoms are C22 and C62 with distances of 333.4 and 343.5 pm, respectively. There is a difference of more than 40 pm to the next carbon atom. Thus, a second intermolecular contact cannot be observed in the solid-state structure of Cp 3 Ce. Figure  6 shows the unit cell of the structure (along cell axis a) and the intermolecular contacts of C21 and C61 with the metal center (dashed lines). In comparison to the Cp 3 Ho structure, a more zigzag-like arrangement of the complex molecules is observed. 5 . Asymmetric unit of the crystal structure of Cp 3 Ce at 100 K (50% probability ellipsoids). The hydrogen atoms were calculated and refined using a riding model with fixed isotropic thermal parameters. MAS NMR of Cp 3 La. Ln III complexes can be considered as a difficult species for solid-state NMR studies, because the majority of the compounds exhibit unpaired electrons. The corresponding lanthanum complex is an alternative with interesting properties close to those of the f-block elements, due to a small nuclear quadrupole moment (Q ) +0.20 barn 27 ) of the abundant isotope 139 La. Additionally, no unpaired electrons are present in the complex.
Solid-state MAS NMR experiments 28 have been carried out for Cp 3 La, in order to obtain additional information about the dynamic behavior of Cp ligands. This complex is discussed controversially in the literature regarding its crystal structure and the intermolecular interactions of the Cp ligands (vide infra). With respect to these, 13 C and 1 H measurements are promising probes.
13 C CP MAS NMR experiments showed the occurrence of only two sharp peaks in the spectrum (Figure 7) . Normally one signal for each carbon atom would be expected, due to the low symmetry of the complex in the solid-state structure.
This discrepancy in the number of the observed signals is typical for metallocenes. 29, 30 The 13 C resonances of a single Cp anion are averaged by the ring dynamics being fast on the NMR time scale. Therefore, only a single resonance per ring can be observed. In the 1 H NMR spectrum one isotropic chemical shift at 6.3 ppm occurs, which agrees with liquid-state NMR data (6.0-6.3 ppm). 2 The low resolution of the signal is typical for single-pulse 1 H NMR.
Two well-resolved signals can be identified in the 13 C RAMP CP MAS NMR spectrum (Figure 7 ) at 115.0 and 113.1 ppm. The peak intensities show a ratio of 2:1. It can be interpreted as two Cp rings with similar distortion of the ideal gas-phase symmetry and one Cp ligand showing another signal caused by a larger distortion.
The observed spinning sidebands manifolds for each of the two signals are indicative of carbon chemical shift anisotropies in aromatic Cp systems and may be used as a spectroscopic fingerprint. 29, 30 Thus, sensitive parameters for symmetry and identity of the Cp ligands are the anisotropic chemical shift value δ aniso and the asymmetry parameter η. The more intense and the less intense spinning sideband manifolds δ iso 115.0, 113.1 are described by δ aniso ) -93.5(2), -93.2(2.0) ppm and η ) 0.07(10), 0.29(5), respectively. The discrepancy between the two η values in the 13 C NMR experiment is consistent with the differences in distortion from an axial symmetry of the two types of Cp rings. The greater the η value, the more a distortion from the principal axial symmetry would occur. This is a strong indication for different coordination conditions for the Cp rings, where one ring with an additional η 1 coordination can be attributed to the signal with the weaker intensity (vide infra; Figures 2 and 6).
[Cp 2 CeN(SiMe 3 ) 2 ]. The synthesis of Cp 2 LnX systems has been studied extensively in the literature, but the formation of these compounds is often limited to the later lanthanide ions. 1,3,9,12,14 Due to their smaller ionic radii these complexes are rather coordinatively saturated in comparison to the lighter lanthanides La, Ce, and Pr. As a matter of fact, more bulky ligands are generally reported for these complexes. Therefore, the synthesis of Cp*CeX systems (Cp* ) pentamethylcyclopentadienyl) is often described to be successful, in contrast to Cp 2 CeX. [31] [32] [33] [34] [35] [36] We successfully prepared bis(η 5 -cyclopentadienyl)[bis(trimethylsilyl)amido]cerium(III) (3) by the reaction of Cp 3 Ce (1) and [Ce{N(SiMe 3 ) 2 } 3 ] (2) in toluene (Scheme 1).
This reaction is very convenient, as apart from 1 and 2 there are no byproducts formed during the process. Therefore, it is better to use sublimed, solvent-free reagents. 1 shows only weak solubility in toluene at room temperature. To guarantee a proper formation of the product, the use of higher temperatures favors the reaction process. A yellow-orange mixture is obtained, and after evaporation of toluene the formation of an orange-yellow solid is observed. The orange product can be isolated easily by sublimation at 90°C under vacuum (10 -3 mbar). 3 shows weak red fluorescence on exposure to UV light (λ ) 366 nm) and is very sensitive to air and moisture. The compound blackens immediately even by traces of oxygen.
3 was characterized by elemental analysis, IR, and MS experiments. IR experiments revealed both the typical stretching (ν CH , ν CC ) and deformation vibrations (δ CH (parallel), δ CH -(perpendicular)) for the cyclopentadienyl rings 37 at 3081, 1437, 1356, 1011, and 767 cm -1 and the typical stretching (ν CH , ν SiC , ν SiN ) and deformation modes (δ Me , δ SiC , δ SiN ) for bis(trimethylsilyl)amido ligands 2 (BTSA ligands) at 2952, 1248, 1033, 839, 810, and 594 cm -1 . The IR signals are slightly shifted in comparison with those of the reagents. It was observed that Cp ligand vibrational modes are shifted versus higher wavenumbers, whereas signals attributed to the BTSA ligand did show wavenumbers slightly lower than those of the homoleptic BTSA complex. Cp ligands seem to be more strongly bonded to the metal center then in Cp 3 Ce. Due to the higher electronic saturation of the central ion by the π-donating Cp ligands the BTSA group seems to be less bonded now. This is reasonable, because due to the reduced steric hindrance of a third Cp ligand the other ring ligands can coordinate nearer to the central metal, while the BTSA ligand, due to the steric hindrance of the SiMe 3 moiety, shows lower energetic vibrations compared to those of the homoleptic complex.
MS measurements carried out separately from the IR experiments showed a fragmentation pattern typical for 1 and 2. 38 An M + peak could not be found in the mass spectrum; one hydrogen atom is abstracted instantaneously during the ionization process. In comparison to a complex with only nitrogen-bonded SiMe 3 groups, Cp-bonded SiMe 3 groups show additional absorption signals (ν SiC , δ SiC ) at lower wavenumbers in the regions 1300-1200 and 600-900 cm -1 . Vibrational modes in addition to those of 2 were not observed in the spectrum. The doubly N-silylated species 3 is the most plausible constitution for this compound, and the formation of 3a,b can be considered as rather improbable.
Conclusion
Twinned crystals of Cp 3 Ce, Cp 3 Ho, and Cp 3 Dy have been investigated by X-ray diffraction experiments and were all showing pseudo-orthorhombic symmetry during the determination of the solid-state structure. These difficulties are mainly caused by the formation of chainlike structures along one direction and the highly dynamic behavior of the Cp ligands in the solid state, even at low temperatures.
Whereas these problems are intrinsic for such systems in X-ray diffraction studies, due to the very short time scale during the measurement (occurrence of twinning, disorder, etc.), highresolution MAS NMR studies of Cp 3 La showed the existence of two different bonding situations of the Cp ligands very well. These results can be considered as the first non-X-ray diffractional proof for chemical anisotropy in crystalline homoleptic lanthanide Cp complexes.
The synthesis of [Cp 2 CeN(SiMe 3 ) 2 ] (3) by the reaction of Cp 3 Ce (1) and [Ce{N(SiMe 3 ) 2 } 3 ] (2) was reported. The reaction product was analyzed by IR/Raman spectroscopy, elemental analysis, and mass spectrometry. Nevertheless, a silylation of the Cp ring resulting in a mixture of isomers of different constitutions is possible. Endeavors to get suitable crystals for X-ray diffraction methods are in progress and will show which kind of molecule has mainly been formed in the solid state. In any event, 3 is an interesting agent, as this substance offers both high reactivity toward all kinds of electron-donating agents and sufficient thermal stability for solid-state reactions.
Experimental Section
General Procedures. All manipulations described below were performed with rigorous exclusion of oxygen and moisture in flamedried Schlenk-type glassware on a Schlenk line, interfaced to a vacuum (10 -3 mbar) line, or in an argon-filled glovebox. Argon was purified by passage over columns of silica gel, molecular sieve, KOH, P 4 O 10 , and titanium sponge (650°C) and nitrogen by passage over columns of silica gel, molecular sieve, KOH, P 4 O 10 , BTS, 41 and Cr II oxide catalyst. 42 Tetrahydrofuran (THF) was predried over KOH and distilled under argon over NaK alloy (benzophenone as indicator), and toluene was dried over LiAlH 4 pellets before distillation. Anhydrous lanthanide(III) chlorides were purchased from Alfa Aesar (99.99%, ultra dry) and were used without any further purification. LnCp 3 compounds (Ln ) La, Ce, Dy, Ho) and [Ce{N(SiMe 3 ) 2 } 3 ] were prepared according to well-known procedures 2 and sublimed twice before use (10 -3 mbar, 120-250°C).
FTIR and FT Raman spectra were recorded with a Bruker IFS 66v/S spectrometer with DTGS detector. The samples were thoroughly mixed with dried KBr. The preparation procedures were performed in a glovebox under a dried argon atmosphere. The spectra were collected in a range from 400 to 4000 cm -1 with a resolution of 2 cm -1 . During the measurement, the sample chamber was evacuated. For FT Raman measurements, a Bruker FRA 106/S Raman module with a Nd:YAG laser (λ 1064 nm) and a scanning range from 0 to 3500 cm -1 was used. Mass spectra were measured with a JEOL MStation JMS700. The source was operated at different temperatures up to 100°C. The powder diffraction investigations were carried out in Debye-Scherrer geometry, and diffraction data were collected on a conventional powder diffractometer (STOE Stadi P, Mo and Cu KR 1 radiation). Products were identified using the STOE WinXPOW program package (Version 1.22, 1999).
[Cp 2 CeN(SiMe 3 ) 2 ]. Two equivalents of 1 (0.66 mmol, 0.224 g) was suspended in a 100 mL Schlenk tube and stirred in 10 mL of freshly distilled toluene. In another Schlenk tube 1 equiv of 2 (0.33 mmol, 0.206 g) was dissolved in 10 mL of freshly distilled toluene and added slowly to 1 within 30 min using a stainless steel cannula. The yellow mixture was warmed slowly and refluxed for 16 h. Subsequent removal of the solvent and drying at 90°C under vacuum (10 -3 mbar) yielded an orange solid sublimed at the glass wall of the Schlenk tube. 3 shows decomposition at 292°C. Anal. Calcd for C 16 H 28 Chart 1
